Abstract. Targeted drug delivery has been evolving at an increasing rate due to its potential to reduce the minimum effective dose of a drug and its accompanying side effects. It has shown improved therapeutic efficacy at equivalent plasma concentrations; however, the development of effective targeted delivery systems has remained a major task. In this study, a drug carrier was designed and synthesized by conjugation of folate acid (FA) to carboxymethyl chitosan (CMCS) through a polyethylene glycol (PEG) spacer. The resulting conjugates were confirmed by 1 H nuclear magnetic resonance and infrared spectroscopy. The cytotoxicity of CMCS and CMCS-5-fluorouracil (5-FU) was determined by a crystal violet stain assay. The potential of CMCS-PEG-FA for use in the targeted delivery of 5-FU was investigated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide analysis in two cell lines, HeLa and A549, which contain different numbers of folate receptors on their surfaces. The MTT results revealed that in HeLa cells, the cytotoxicity of (CMCS-5-FU)-PEG-FU cells is greater compared with CMCS-5-FU, suggesting that folate receptor-mediated endocytosis may affect the cellular uptake efficiency of 5-FU-loaded CMCS-PEG-FA. The CMCS-PEG-FA conjugates presented in this study show promise as carriers for chemotherapeutic agents due to their solubility at physiological pH, efficiency in carrying chemotherapeutic agents, low cytotoxicity and targeting ability.
Introduction
Since its introduction by Heidelberger et al (1) , 5-fluorouracil (5-FU) has been clinically used in the treatment of a range of solid tumors, including breast cancers and cancers of the digestive organs (2) , and has remained the only effective chemotherapy option available for the treatment of colorectal cancer (3) . However, in clinical trials of 5-FU, significant adverse effects due to nonspecific activity have been reported (4) . Furthermore, as it is degraded in the gastrointestinal tract, 5-FU shows incomplete and unpredictable absorption (4) and a plateau has been reached regarding the drug's efficacy (5) . As the number of cancer-related mortalities rises annually, researchers have been working on numerous approaches, including the use of prodrugs (6,7), pH-sensitive polymer coating (8, 9) and time-dependent formulations (10, 11) , in an attempt to identify novel 5-FU carrier systems with more powerful antitumor activity and reduced side effects (12, 13) . In previous years, 5-FU carrier systems that release 5-FU in situ have attracted the interest of researchers since such systems may circumvent the problem of oral administration of 5-FU in clinical applications (14, 15) . A number of biodegradable polymers, including azopolymer, pectin and dextrin (16, 17) , have been explored as potential carriers for 5-FU, and chitosan has emerged as one of the most promising.
Chitosan is composed of randomly distributed α-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine (18) . It is generally considered an attractive drug vector due to its biodegradability, biocompatibility, hemostatic, bacteriostatic, fungistatic, anticancer and anticholesteremic properties, as well as its reasonable cost (19, 20) , minimum immunogenicity and low cytotoxicity (21) . Furthermore, chitosan contains functional groups that allow simple coupling of extracellular and intracellular targeting ligands (22) . However, its poor solubility limits its use as a drug delivery carrier. Therefore, the development of water-soluble chitosan is a prerequisite to its successful implementation in drug delivery (23) . Various approaches, including quaternization of the amino group, N-carboxymethylation and PEGylation (24, 25) , have been adopted to improve the water solubility of chitosan. The anionic natural polymer derivative carboxymethyl chitosan (CMCS) meets the two main requirements for a drug carrier, biodegradability and low toxicity, and may be a promising potential cancer therapy in the future. However, as CMCS is a negatively charged macromolecule, it has difficulty attaching to the negatively-charged cell membrane for internalization.
In vivo studies have shown that a near-neutral polyplex surface Folate-polyethylene glycol conjugated carboxymethyl chitosan for tumor-targeted delivery of 5-fluorouracil is important to minimize the occurrence of nonspecific interactions in the blood, and to allow the vector to circulate longer in order to reach its target. Thus, it is necessary to attach hydrophilic agents to the polyplex surface to reduce the surface charge and ensure steric stabilization.
It is well-documented that PEG shielding improves circulation time and reduces toxicity (26, 27) . Furthermore, it has been reported that polyplex PEG chains are capable of reducing interactions with blood and extracellular components (28, 29) . However, a number of disadvantages have also been reported, including reduced association with cells, diminished cellular uptake and inefficient cell transfection (30, 31) . Adding targeting ligands to polyplexes has been proposed as an attractive strategy to improve transfection efficiency (32, 33) . The major advantage of using chitosan as a drug carrier is that it may be easily conjugated to targeting agents, including proteins, transferrin (34) , mannose (35) (36) (37) , folate (38, 39) and galactose (40) (41) (42) (43) .
A number of characteristics render folate acid (FA) an attractive candidate for targeted molecular treatment of tumors. Folate receptors (FR) exhibit limited expression in healthy cells, but are overexpressed on the surface of human cancer cells (44, 45) . Furthermore, the high affinity of folate to its receptor (45) , and its small size, render it eligible for specific cell targeting. Additionally, the ability of FA to bind to its receptor and induce endocytosis is not altered by covalent bonding of small molecules (46) . Studies have been conducted that have utilized FRs on the surface of tumor cells for targeted delivery of anticancer drugs, genes and radiopharmaceuticals via FR-mediated endocytosis (47, 48) . FA has also been used as a ligand with cationic liposomes (49) and other polymers, including chitosan (38, 50) , poly (L-lysine) (51, 52) , and polyethyleneimine (53) . One study showed that FA may facilitate nanoparticle endocytosis via the FR, resulting in higher transfection yields (38) . In addition, it has also been demonstrated that target-specific gene delivery may be enhanced by folate-PEG modified PEI in vitro and in vivo (54) (55) (56) (57) with superior performance compared with PEI (54, 56) . Previously, Benns et al achieved a notable antitumor effect through intro-tumor administration of therapeutic genes carried by folate-PEG-PEI (55) .
In the current study, 5-FU loaded and folate-conjugated CMCS were synthesized and characterized with a PEG spacer (CMCS-5-FU-PEG-FA). 5-FU coupled to CMCS was quantified using fluorine element analysis. The cytotoxicity of CMCS and CMCS-5-FU and the potential of CMCS-PEG-FA for use in targeted delivery of 5-FU in vitro were studied. The results showed that 5-FU and folate were successfully coupled to CMCS and that CMCS-g-PEG-folate is a promising non-viral vector for targeted delivery of chemotherapeutic agents to tumors. Future clinical applications the CMCS-5-FU-PEG-FA system is likely to aid in the goal of releasing 5-FU in situ to treat cancer.
Materials and methods
Materials. CMCS (Mw, 10,000-30,000 Da) was purchased from Sigma-Aldrich (Shanghai, China). NH 2 -PEG-FA (Mn, 3,400 Da) was provided by Jiaerke Co (Changzhou, China). Dialysis tubing with a Mw cut-off of 500-1,000 Da was purchased from Spectrum Laboratories (Miami, FL, USA). Cell culture media and supplements, fetal bovine serum (FBS), alamarBlues, FA dihydrate and other general-use chemicals were all purchased from Sigma-Aldrich. Unless stated otherwise, all reagents and solvents were commercially available analytic-grade reagents and were used without further purification.
Synthesis of CMCS-5-FU.
Solutions of CMCS in distilled water and 5-FU in anhydrous dimethylsulfoxide (DMSO) were respectively prepared and stirred at 55˚C until CMCS and 5-FU were dissolved completely. Formaldehyde was then added to the solution of 5-FU in anhydrous DMSO. The mixture was stirred at 55˚C in the dark for 4 h, then added to the solution of CMCS in distilled water and stirred at room temperature for 24 h. Subsequently, the reaction mixture was dialyzed (cellulose acetate with a molecular weight cut off of 8,000-14,000 Da) against water for two days. The resultant product was collected by lyophilization ( Fig. 1) .
Synthesis of CMCS-g-PEG-folate (CMCS-PEG-FA).
Solutions of NH 2 -PEG-FA and CMCS in distilled water were respectively prepared and stirred at room temperature until NH 2 -PEG-FA was dissolved completely. Excessive stoichiometric formaldehyde was added to the solution of NH 2 -PEG-FA in distilled water. The resulting mixture was stirred at room temperature in the dark for 4 h, and then dialyzed against distilled water for 24 h using dialysis tubing with an Mw cut-off of 500-1,000 Da (Spectrum Laboratories, Rancho Dominguez, CA, USA) to separate free formaldehyde. Finally, the dialyzed solution was added to the solution of CMCS in distilled water and stirred at room temperature for 48 h. The resultant product was isolated using dialysis tubing with an Mw cut-off of 8,000-12,000 Da (Spectrum Laboratories) for 48 h, followed by freeze drying (Fig. 2) .
S y n t h es i s of C M C S -5 -FU c o nj uga t e d PE G -FA (CMCS-5-FU-PEG-FA).
Solutions of CMCS-PEG-FA in distilled water and 5-FU in anhydrous DMSO were respectively prepared and stirred at 55˚C until CMCS-PEG-FA and 5-FU were dissolved completely. Chemically quantified formaldehyde was then added to the solution of 5-FU in anhydrous DMSO. The resulting mixture was stirred at 55˚C in the dark for 4 h, and then added to the solution of CMCS-PEG-FA in distilled water and stirred at room temperature for 24 h. The resultant product was isolated using dialysis tubing with a Mw cut-off of 8,000-12,000 Da (Spectrum Laboratories) for 48 h, followed by freeze drying (Fig. 3) .
Infrared (IR) spectroscopy.
Fourier transform IR spectra of CMCS-PEG-FA, CMCS and H 2 N-PEG-FA were measured over 4,000-400 cm -1 on a Perkin-Elmer Spectrum 2000 instrument (Perkin Elmer, Boston, MA, USA) with KBr sample pellets.
Determination of 5-FU.
The extent of 5-FU on CMCS-PEG-FA was evaluated using fluorine element analysis. Briefly, a 100 mg sample was wrapped in ashless paper and placed in a 500 ml oxygen flask containing 5 ml absorbing liquid for combustion. Fluorides in the resultant absorbing liquid were Cell culture. AGS, A549, HepG2 and HeLa cell lines were purchased from the Institute of Biochemistry and Cell Biology, Shanghai Institute for Biological Sciences (Chinese Academy of Sciences, Shanghai, China). AGS cells were cultured in 90% Ham's F-12K medium supplemented with 10% heat-inactivated FBS (Gibco-BRL, Gaithersburg, MD, USA), 2 mM L-glutamine and 1.5 g/l Na 2 CO 3 . A549 cells were cultured in medium supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine and 1.5 g/l NaHCO 3 . HepG2 were cultured in medium supplemented with 10% heat-inactivated FBS, 1.0 mM sodium pyruvate, 0.1 mM unessential amino acid and 1.5 g/l NaHCO 3 . HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated FBS, 4 mM glutamine, 50 U/ml penicillin, and 50 mg/ml streptomycin (cell culture medium). All cells were cultured in a fully humidified atmosphere containing 5% CO 2 at 37˚C.
In vitro cytotoxicity assay. HeLa, A549, HepG2 and AGS cell lines were seeded in a 24-well plate at a density of ~3.0x10 4 cell/ml and incubated overnight at 37˚C and 5% CO 2 to attain subconfluence prior to infection with CMCS or CMCS-5-FU at various concentrations. Three days following infection, cells in each well were exposed to 0.4 ml 2% crystal violet in 20% methanol for 30 min at room temperature and rinsed with distilled water in preparation for image capturing.
Cellular evaluation of CMCS-PEG-FA targeting ability.
The cell-targeting ability of 5-FU-loaded CMCS-PEG-FA was evaluated using HeLa cells, which overexpress the FR, using an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. HeLa cells were seeded in 96-well plates at a density of 1x10 4 cells/well in 100 µl cell culture medium and incubated overnight to obtain 75-80% confluency. The culture medium was then replaced with fresh, serum-free medium, and a serial sample of 5-FU-CMCS or 5-FU-CMCS-PEG-FA was added to the cells. Cells were incubated with 5-FU-CMCS or 5-FU-CMCS-PEG-FA at a concentration of 1 mg/ml with respect to the originally seeded cells at 37˚C. Cells were incubated for a further 72 h. A total of 10 µl MTT solution (5 mg/ml) was added to the 100 µl of culture medium in each well prior to incubation at 37˚C for 4 h. The MTT-containing medium was replaced with 100 µl solubilization solution DMSO. Finally, the absorbance was measured at 595 nm using an ELISA plate reader (Thermo Fisher, Waltham, MA, USA) with a reference filter of 650 nm. Viability of non-treated control cells was arbitrarily defined as 100%. Statistical analysis. All experiments were repeated four times and measurements were collected in quadruplicate. Data are expressed as the mean ± standard deviation based on four measurements. Statistical analysis was performed using Student's t-test. P<0.005 was considered to indicate a statistically significant difference.
Results and discussion

Synthesis a n d ch a ra cterization of CM CS -5 -FU, CMCS-PEG-FA and CMCS-5-FU-PEG-FA.
The analysis by 1 H NMR (Fig. 4) confirmed the structure of the expected poly-CMCS-PEG-folate copolymer. Fig. 1 shows the 1 H NMR spectrum of the poly-CMCS-PEG-folate copolymer. From the result of 1 H NMR spectrum, it was observed that the peak at 3.54 ppm was assigned to the protons in the ethylene groups -O-CH 2 -CH 2 -O-of the PEG units. The signal appeared at 2.95-3.10 was corresponding to the monosaccharide residue (-CH-NH-). The signal at 2.45-2.60 ppm was attributed to the signal of -NH-CH 2 -CH 2 O-. It is evident that the proton peaks of 6.7-8.8 ppm were observed in the 1 HNMR spectrum of CMCS-PEG-FA, confirming the successful conjugation of H 2 N-PEG-FA with CMCS. These results obtained are consistent with the expected chemical structure of the copolymers. The relevant signals of folate were weaker than the broad and marked proton signals of PEG and CMCS residues, producing more accurate evaluations. IR spectroscopy was performed to further confirm the successful coupling of NH 2 -PEG-folate to CMCS. The content of coupled 5-FU was determined by fluorine element analysis.
IR spectroscopy. The formation of CMCS-PEG-folate was confirmed using Fourier transform infrared spectroscopy. IR spectra in the amino group and hydroxyl group stretching region of CMCS, NH 2 -PEG-folate and CMCS-PEG-FA systems, with or without reaction, are presented in Fig. 2 . Characteristics of IR bands of H-form CMCS is shown in Fig. 5A . The peaks at 1,652.62 cm -1 (-COOH) (-NH amide band II) (Fig. 5C) . Furthermore, the absorption of amide band II at 1,652.62 cm -1 increased. Bands at 1698.70 cm -1 were due to the C=O stretching vibration of carboxylic acid in FA and bands between 1155.26 and 1068.12 cm -1 were attributed to the C-O-C stretching vibration of ether in CMCS, demonstrating that CH 2 =N-PEG-FA binds chemically to CMCS. A marked modification of the absorption pattern was observed, where the typical hydroxyl group and amino group stretching band at 3423.73 cm 
In vitro cytotoxicity of CMCS-5-FU and CMCS.
For the concerns of efficient drug delivery, biocompatibility and cytotoxicity of the CMCS or 5-FU loaded CMCS, four cell lines (AGS, SW480, HeLa and A549) were selected for the in vitro cytotoxicity investigation using the crystal violet assay. The cells were incubated with CMCS or 5-FU loaded CMCS in the medium for 72 h. Crystal violet stain was used to assay cell viabilities in the presence of CMCS or 5-FU loaded CMCS, using cells untreated with CMCS or 5-FU loaded CMCS as the control.
As illustrated in Fig. 6 , for CMCS, cell viabilities are ~100%, which indicates that there is no cytotoxicity of CMCS against the four selected cell lines AGS, A549, HeLa and HepG2, and the results obtained were consistent with the reported results in the literature that demonstrated that chitosan exhibits no toxicity in in vitro (58) and in vivo (22) experiments. However, 5-FU loaded CMCS Exhibited a marked inhibitive effect on AGS, A549, HeLa and HepG2 cell lines, suggesting that the powerful antitumor potential is retained when 5-FU is covalently linked to CMCS and maintains the antitumor ability. Furthermore, at the same concentration, there was an extent of difference in the cytotoxicity of 5-FU loaded CMCS to the four cancer cell lines selected, indicating that the antitumor ability of 5-FU loaded CMCS has an association with cancer cell types. In conclusion, 5-FU was successfully linked to CMCS and 5-FU covalent linkage with CMCS did not affect its antitumor potential.
Cellular evaluation of CMCS-PEG-FA targeting ability.
To determine whether folate acid conjugated with CMCS may effectively target and improve of the rate of drug uptake by cancer cells, in vitro targeted delivery of 5-FU was investigated by MTT assay in FR + HeLa cells with phosphate-buffered saline as the control.
The results of the MTT assay revealed that differences in cytotoxicity between CMCS-5-FU and CMCS-5-FU-PEG-FA were significantly larger for FR + HeLa cell lines (Fig. 7) . These results may be attributed to the involvement of the FR in cellular association and endocytosis of CMCS-5-FU-PEG-FA in FR + cells. In conclusion, in the current study, 5-FU and FA-PEG-NH 2 were successfully grafted onto CMCS. CMCS showed no toxicity against HeLa, AGS, A549 or HepG2 cells. The feasibility of using CMCS-PEG-folate to deliver 5-FU in a targeted manner to FR-bearing HeLa cancer cells was confirmed. FA-PEG-CMCS may be a promising carrier for the targeted delivery of chemotherapeutic agents to FR-bearing tumor cells. Further studies are in progress in our laboratory to test this novel targeted drug delivery system in vivo.
